Before 2013, zoonotic influenza infections were dominated by H5N1 viruses in China. However, the emergence of the H7N9 viruses in early 2013 changed this dominance greatly, and more than 1,600 laboratory-confirmed human cases of H7N9 infections have been reported since then. To understand the underlying mechanism of the emergence of the fifth epidemic wave that shows an unexpected sharp increase, we systematically investigated the biological characteristics of the highly pathogenic (HP) and low-pathogenic (LP) H7N9 AIVs during this period. We first systematically analysed the haemagglutination assay gene of all the isolates available from the website and found that the HP and LP viruses differed a little in the well-established receptor binding sites and in other potentially important sites. Phylogenetic analysis showed that both the HP and LP viruses belong to the branch of the Yangtze River Delta, whereas they diverged to different small branches. To further compare the biological variations in the HP and LP viruses, we selected six HP and six LP strains for in-depth analysis, including receptor binding characteristics, thermal stability, viral replication and virulence in mice. The three major findings of this study were as follows: (a) Other potential site/sites may affect the receptor binding property of the H7N9 viruses; (b) the HP viruses displayed a higher thermostability than did the LP viruses, quite consistent with the epidemiological data during the summer period; and (c) one-third of the HP viruses were moderately pathogenic in mice, whereas all the LP viruses were nonpathogenic in this animal model. However, the LP viruses replicated more efficiently in the mouse lung and can spread to the extrarespiratory organs (spleen, kidney and brain). Taken together, our results suggest that both the HP and LP H7N9 viruses can pose a potential threat to public health, highlighting the importance of the continual surveillance of the H7N9 AIVs.
| INTRODUCTION
In March 2013, the first human case of the low-pathogenic (LP) H7N9 avian influenza viruses (AIVs) was confirmed in laboratory . Since then, H7N9 outbreaks have recurred in "waves"; till now, a total of 1,625 human cases with 623 deaths have been reported, resulting in a case fatality rate of 38.3% (http:// www.who.int/influenza/human_animal_interface).
Among these waves, the fifth wave in 2017 has been the most severe and has caused more human infections than any earlier wave. Moreover, five characteristics were attributed to the fifth epidemic: (a) starting earlier in the year; (b) affecting a larger proportion of middle-aged people; (c) spreading to more districts and counties and resulting in a substantial increased human cases; (d) infections shifting from urban to semiurban and rural regions in several provinces; and (e) the emergence of human infection of the highly pathogenic (HP) H7N9
AIVs-28 human infections . events have left us with a number of questions; however, the most important is: What has changed in H7N9 AIVs and have these changes affected the pandemic risk? Moreover, whether HP H7N9
viruses pose an increased threat to public health in the future?
Or have the LP viruses changed after the evolution during the five wave times?
After the emergence of HP H7N9, all concerns were attracted. A number of articles have discussed the genetic, epidemic, pathogenicity, transmission and clinical features of HP H7N9 viruses (Danqi, Li, Liu, & Richt, 2017; Su, Cheng et al., 2017; Xie et al., 2017; Zhou et al., 2017) , and based on their findings, it seems likely that the H7N9 viruses have a great pandemic potential with both high pathogenicity and efficient transmission. However, what must be mentioned is that LP H7N9 is also evolving (Su, Gu et al., 2017) , and the HP H7N9 viruses are evolving from the LP H7N9
viruses. It has been reported that the internal gene of LP H7N9 is derived not only from S-type H9N2, but also from the H5N6 and H6N6 viruses, making the epidemic situation of H7N9 AIVs in China more complicated (Jin et al., 2017; Shi, Wu, Zhang, Qi, & Gao, 2014) .
Moreover, the dual-receptor binding properties of LP H7N9 viruses suggested that they had partly been adapted to mammal hosts including humans by which they could result in pandemics. Therefore, to understand the potential factors that affect the formation of the fifth-wave human infections, it is highly necessary to investigate the biological characteristics of both the HP and LP H7N9 viruses.
In this study, we systematically and comprehensively compared the fifth-wave HP and LP H7N9 AIVs. We first systematically performed the genetic and phylogenetic analyses of the HP and LP H7N9 AIVs. Then, we compared these viruses in terms of receptor binding properties, thermal stability, viral replication and virulence in mice. Almost all LP and HP viruses can bind to the α-2,3 and α-2,6
receptors; however, the HP viruses were more inclined to bind α-2,3
receptor. Moreover, the thermostability of HP viruses is higher than that of LP viruses. As for the mouse experiment, two of the six HP viruses were lethal in mice, whereas no LP viruses caused death in mice. However, to our surprise, some LP viruses replicated higher titres than HP viruses in mouse organs. Therefore, these results
show that both the HP and LP viruses can pose a potential threat to public health and together contribute to the characteristics of the fifth-wave viruses, highlighting the great importance of the close surveillance of H7N9 viruses in the live poultry market and breeding farm.
| MATERIALS AND METHODS

| Viruses
The six LP H7N9 AIVs used in this study were all separated from live poultry market and breeding farm in 2017, and the hosts were apparently healthy phenotype of chickens. The six HP H7N9
AIVs used in this study were all separated from dead poultry in 2017. All cotton swab samples were temporarily stored in 2 ml PBS containing penicillin (1,500-1,750 U/mg), streptomycin, gentamicin sulphate (600 I.E./mg) and kanamycin sulphate (≥750 I.U/ mg); the cloacal swab and throat were regarded as a sample. The viruses were propagated in 10-day-old specific-pathogen-free (SPF) embryonating chicken eggs for 48-96 hr at 35°C ; then, the haemagglutinin (HA) subtype was determined by haemagglutination assay (HA) and haemagglutination inhibition test (HI) (http://www.who.int/influenza/resources/documents/influenza_ surveillance_manual/en/) . The viruses were purified using the method of plaque purification and then expanded in SPF chicken embryo , and the same batch of allantoic fluid was collected to obtain the correct 
| RNA extraction and phylogenetic analysis
Viral genome RNA was extracted from the allantoic fluid using EasyPure Viral DNA/RNA Kit (TransGen). Then, the whole genome was amplified by RT-PCR with specific primers. After Sanger dideoxy sequencing, the evolutionary tree was inferred by MEGA 7.0 using the maximum-likelihood method based on the Tamura-Nei model with 1,000 bootstrap replicates. The gene sequences of the 12 strains have been submitted to GenBank under the accession numbers MG575541-MG575628, another GD20 sequence has been submitted before , and the accession numbers were in turn KY751290, KY751258, KY751225, KY751060, KY751159, KY751126, KY751093 and KY751192.
| Solid-phase direct binding assay
Solid-phase glycan-coated ELISA was used to evaluate the receptor binding properties of H7N9 AIVs as described previously (Auewarakul et al., 2007) . Briefly, the synthetic sialylglycopolymers The reaction was stopped with 2M H 2 SO 4 and was read under the absorbance of 450 nm. Each sample was measured in two repeti-
tions. An early clade, 2.3.4 H5N1(SY), isolated from poultry with specificity for SAα-2,3Gal (Li et al., 2014) , and A/California/04/2009 (CA04), an A (H1N1) pdm2009 virus with specificity for SAα-2,6Gal, were used as controls .
| Thermal stability
According to a previously described protocol (Imai et al., 2012) , the viruses were then incubated at 56°C in a water bath for various time intervals (0, 5, 10, 15, 30, 60, 90, 120, 150, 180 and 210 min) . Then, 50 μl of heat-treated virus was transferred to 96-well plates in duplicate and twofold serially diluted in 25 μl of PBS. The haemagglutination activity was tested by adding 25 μl of 1% chicken RBCs to each well, followed by incubation for 30 min at room temperature (Imai et al., 2012) . In a separate experiment, the residual viral infectivity after heat treatment at 56°C was determined by titration on MDCK cells (O'Donnell, Vogel, Matsuoka, Jin, & Subbarao, 2014 . Specifically, groups of three mice were inoculated intra- were collected for virus titration in eggs; left lung was used for tissue sections.
| Histology and immunochemistry
Lungs were removed from the euthanized mice and fixed in 10% neutral formalin at room temperature for 120 hr. Serial tissue sections 5 μm thick were obtained after embedding in paraffin. Each slide was stained with haematoxylin and eosin (H&E) (Wang et al., 2008) . Tissue sections were stained as described previously, a 1:1,000 dilution of a mouse-derived monoclonal antibody (mAb) (AA5H; Abcam, Hong Kong, China) specific for Type A influenza virus nucleoprotein (NP) was applied, and the mixture was allowed to incubate overnight at 4°C (Hu et al., 2007 ). The primary antibody was then detected by specific anti-mouse IgG (H+L) (TL-015-QHD;
Thermo Fisher Scientific, USA). All sections were examined by light microscopy (CX31; Olympus, Tokyo, Japan). The total visual areas (A)
were traced randomly, and the total areas of the positive cells in the visual area were determined using an image analyser (SP500 highspeed colour image analyser; Olympus).
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| Statistical analysis
Viral loads were expressed as the mean ± standard deviation (SD) from three individuals. Statistical analysis was performed using oneway ANOVA (SPSS). p Values < 0.05 were considered significant.
| RESULTS
| Genetic evolution and phylogenetic analysis
During the fifth epidemic wave, we collected 687 swab samples, and 30 positive H7N9 AIV samples were found from LPM and farms. To compare the difference between the HP and the LP strains, the HA gene of all strains from the Global Initiative on Sharing All Influenza Data (GISAID) and our laboratories was systematically analysed in detail. We found that four important different amino acids were found in the HA sequence of the HP and LP viruses ( Table 1 ). The A121T began to change after 2016, and the majority of LP viruses changed to Thr (T) at this site in 2017. A small amount of 398E was found in the HA gene of HP until now, but most of them were Lys (K). Interestingly, other two amino acids (47T/I and 173E) of the HP viruses were almost different from the LP viruses. We also compared the difference between the HP and LP viruses in the receptor binding sites (Table 2) . We found that the LP viruses showed a greater difference in terms of the reported sites (e.g., Q226L) that affect the viral receptor binding ability, suggesting more and more LP viruses may prefer to binding α-2,6 receptor, whereas the HP viruses do not change too much at this site.
Subsequently, we selected several strains from the downloaded sequence and our viruses to infer phylogenetic evolution, and all HP A strong relationship between NA gene and drug resistance has been reported previously (Tran-To Su, Ouyang, Zheng, & Kwoh, 2013) . In addition to the well-known NA-R292K mutation that makes the viruses resistant to oseltamivir, a recent article indicated that NA-E119V and NA-I222K/R also are important for resistance of neuraminidase inhibitor (NAI) (Gaymard et al., 2016; Song et al., 2015) . Fortunately, none of the selected 12 viruses that we isolated had any of these changes.
It has been accepted that H7N9 viruses bearing PB2-588V or 627K can increase the mobility of H7N9 viruses in mammals Xiao et al., 2016) . In our study, A588V was found in the LP viruses of AH395 and LJS15, and 627K was found in neither the HP nor the LP viruses, and interestingly, AH395 possessed 627V in PB2 protein. Moreover, the PB1 H99Y and I368V mutations can enhance the pathogenicity of ferrets (Tscherne & Garcia-Sastre, 2011 ), and we found that mutation of I368V occurred in all the strains tested in our experiment. PA-K356R is a molecular maker that contributes to the bird-to-human transmissibility of the H7N9 viruses (Xu et al., 2013) , and we found that all the HP and LP viruses were R at the position of 356 in the PA gene. At the same time, all strains carry the mutation of S31N at M2 gene, which may show amantadine resistance (Benton, Wharton, Martin, & McCauley, 2017; Stilianakis, Perelson, & Hayden, 2002) . In agreement with these observations, we listed the difference mutations of the whole genome between HP and LP viruses ( Table S1 ) and found that amino acids in HA, NA and PB2 possessed much more changes and HP viruses commonly bear V to I in PB2 (292, 338, 511, 640) Note. Amino acid sites were counted according to H3 numbering.
T A B L E 2
The difference between the highly pathogenic (HP) and low-pathogenic (LP) viruses in the receptor binding sites 
Number of strains
Note. Amino acid sites were counted according to H3 numbering.
ability to infect humans (e.g., 588V in the PB2 gene or 226L in the HA) and drug resistance (S31N at M2).
| Solid-phase direct binding assay
Receptor binding is an important basis for evaluating the tendency of AIVs to infect the host (de Vries et al., 2017; Harvey, Martin, Zambon, & Barclay, 2003; Sun et al., 2016; Xiong et al., 2013) . In this study, we found that almost all the tested H7N9 viruses had dual-receptor characteristics. Interestingly, three of the LP viruses (AH395, AH388 and YZLH37) presented higher affinity for the α-2,3
receptor than for the α-2,6 receptor ( Figure 2a-c) , whereas another three LP viruses (LJS15, 170271 and TM261) showed higher affinity for the α-2,6 receptor than for the α-2,3 receptor (Figure 2d-f) . Only AH395 ( Figure 2a ) and LJS15 ( Figure 2d ) were 226Q in HA, and the rest of the LP viruses were 226L. As for the six HP viruses, five viruses showed higher affinity for the α-2,3 receptor than for the α-2,6 receptor ( Figure 2i -n), whereas interestingly, one strain (GD20) has single α-2,3 receptor binding properties (Figure 2k ).
| Thermal stability
To verify the reliability of epidemiological data (Figure 3a) , we have carried out a preliminary exploration of the thermostability of these HP and LP viruses. The LP viruses basically decreased by three titres in 90 min, and YZLH37 and 170271 became zero eventually (Figure 3b) . By contrast, the HP viruses basically dropped two titres after 2 hr, and even HZLH1 drops only one titre in 3.5 hr and 30 min in the water bath at 56°C can be reduced by two titres, the AIVs can be divided into three types: thermal instability (HA titre decreased by two titres in 5 min at 56°C); thermal stability (HA titre decreased by two titres in 30 min at 56°C); and moderate thermal stability (between the two). The effect of incubation at 56°C for various durations on viral infectivity was also evaluated to further confirm the virus stability. As a result, all the LP viruses lost infection activity after 10 min; by contrast, HP viruses can sustain activity until 90 min (Figure 3c ), and these results are highly associated with the results of HA titre. Therefore, overall, these results demonstrate that the HP viruses showed better thermostability than LP viruses, which is quite consistent with the epidemiological data during the summer period.
| Pathogenicity in mice
To compare the pathogenicity of the fifth-wave LP and HP viruses in mammals, groups of five 6-week-old BALB/c mice were inoculated i.n. with 10 3.0 EID 50 , 10 6.0 EID 50 (the GX110 virus) or 10 6.5 EID 50 of the indicated viruses (Table 3) Figure S1 ), although the HP viruses have a poor replication ability than the LP viruses in mice, they have a strong ability to damage mouse lung. In addition, the LP viruses can also replicate efficiently in mice and cause considerable injury to the mouse lung.
| DISCUSSION
The threat of fifth-wave H7N9 AIVs to public health and the poultry industry has far more serious than that of the former four waves . However, currently, the potential mechanism of this phenomenon has not been completely clear. In this study, we systematically compared the fifth-wave HP and LP viruses in terms of genetic evolution, important molecular markers, receptor binding characteristics, thermal stability and pathogenicity in mice. Results of the receptor binding test showed that most of the H7N9 viruses had dual-receptor characteristics (Figure 2) . Moreover, compared with the previous literature, the HP and LP H7N9 viruses had stronger ability to bind α-2,3 and α-2,6 receptors than the early isolates . The thermostability test verified the reasons for the high separation rates of the HP H7N9 viruses in summer, and the virulence test also showed that the HP strains were more pathogenic than the LP viruses in mice. However, in this study, we also stressed that the potential threat of the LP viruses also cannot be ignored.
Phylogenetic analysis showed that although HP and LP AIVs from different regions (Guangdong, Guangxi, Hebei and Henan) all belong to the Yangtze River Delta (Figure 1a) , they located in different small branches, suggesting the differences in their antigenicity, Receptor binding characteristics are one of the key factors affecting the host specificity of avian influenza virus (de Graaf & Fouchier, 2014; Ge & Wang, 2011) . HA protein is the major factor that determines the binding properties of viral receptors (Rogers and Paulson (1983) , Suzuki, 2000; Stevens et al., 2006 Stevens et al., , 2008 Ni, Kondrashkina, & Wang, 2018; Matrosovich et al., 2000; Van Poucke et al., 2015) . Except for the well-known Q226L in HA protein that affects the binding properties of AIVs, other mutations also affect the receptor binding ability of the AIVs (Benton et al., 2017; de Vries et al., 2017; Ha, Stevens, Skehel, & Wiley, 2003; Liu et al., 2014) .
Compared with the previous reports (Benton et al., 2017), our results showed that both HP and LP viruses showed higher ability to bind the α-2,3 and α-2,6 receptors ( Figure 2) . Interestingly, one of the HP viruses, named GD20, attached to only the α-2,3 receptor (Figure 2k ). Further analysing the difference in the HA gene of these 12 strains, we found that there were only two mutation differences (S284G and D380N) between these HP viruses. Interestingly, we found that the LP virus LJS15, which had 226Q in HA protein, showed higher ability to bind the α-2,6 receptor ( Figure 2d ) and had higher replicate efficiency than other viruses in the mouse lung (Figure 6 ). Strong evidence of previous study was found when the combination mode of V186G/K+K193T+G228S appears, the strain has dual-receptor binding properties, or when existed the V186N+N224K+G228S combination mode, 224K can increase the activity of H7N9 viruses binding to α-2,6 receptor (de Vries et al., 2017) . We therefore compared the important molecular markers that affect receptor binding capacity (Table 2) . However, we found that there were no differences between the selected HP and LP viruses in terms of these molecular markers. In addition, the role of NA protein in receptor binding also should not be ruled out (Benton et al., | 1467 2017; Shi et al., 2014) . Therefore, from our currently results, it seems likely except for the well-known Q226L marker, other unknown sites might contribute to the different receptor binding characteristics of the H7N9 viruses or whether there has second receptor biding region in the H7N9 HA gene.
It has been demonstrated that thermal stability contributes to the transmissibility of some HP H5N1 laboratory-adapted viruses in ferrets (Zhang et al., 2013) . Good thermal stability is a necessary condition for replication of virus in a high-temperature environment (Guo et al., 2018; O'Donnell et al., 2014) . Moreover, it has been confirmed that the thermal stability also affects the virulence of the viruses probably through affecting the activity of the polymerase (Dalton et al., 2006) . Our results indicated that the HP viruses had higher thermal stability than the LP viruses, which is quite in accordance with the epidemiological data. In addition, according to the fifth-wave data, the HP H7N9 viruses indeed had higher thermal stability than the first four waves in summer (http://www.fao.org).
Moreover, we also found an interesting phenomenon with the GX110, which has a stronger pathogenicity to mice while retaining more sensitivity to heat compared to other HP viruses (Figure 3b ).
Currently, a few articles discussed the thermal stability-associated molecular markers in influenza virus. It has been reported that T318I
and H110Y in the HA of the H5 HA proteins, which were transmitted by Vietnam and Indonesia, respectively, could enhance the thermal stability of the strains (Shi et al., 2014) . Further studies are needed to investigate whether HP H7N9 virus polymerase complex is more tolerant to high temperature, and to identify the key sites that affect thermal stability and the correlation of the thermal stability with transmission of in H7N9 viruses.
LP H7N9 viruses evolved into HP viruses by insertion of multibasic amino acids into the cleavage site , this multibasic cleavage site (MBCS) insertion can promote rapid cracking of HA0 (Munster et al., 2010) , and high cleavability of the haemagglutinin glycoprotein was a necessary condition for lethal infection (Hatta, Gao, Halfmann, & Kawaoka, 2001) . It has been confirmed that the basic amino acids around the HA cleavage site are the main factors determining the virulence of the influenza virus in chickens (Senne et al., 1996; Webster & Rott, 1987) . In mammals, virulence and tissue tropism are also closely related to the HA protein (Manz, Matrosovich, Bovin, & Schwemmle, 2010) . Unlike LP H7N9 viruses, which spread silently in poultry (Morens, Taubenberger, & Fauci, 2013) , HP viruses have caused widespread fatal poultry outbreaks (Xie et al., 2017) . In this study, we selected virus with the PEIPKGR↓GLF, PEVPKGKRTAR↓GLF and PEVPKRKRTAR↓GLF (Munster et al., 2010; Schrauwen et al., 2012; Suguitan et al., 2012) . Therefore, we surmised that the H7N9 viruses with basic amino acids inserted at the cleavage site might also simultaneously increase the virulence of the viruses both in poultry and in mammals. It will be very important in the future experiments to systemically compare the virulence discrepancy of the virus persisting in different cleavage sites in the HA protein.
The innate immunity is the first defence line against virus infection, but the excessive immune response also causes the self-inflicted injury (Cilloniz et al., 2010; Kobasa et al., 2007; Suzuki et al., 2009 ). In the present study, our replication and histologic lesions results showed that although GX110 and HNXY1 showed weak replication in lungs, they can cause serve histopathological (Figure 7 , Supporting Information Figure S1 ). Accumulated studies have proved the strong correlation of the cytokine response with the pathogenesis of the H7N9
viruses Ren et al., 2017; Samy et al., 2016; Sun et al., 2016) . Therefore, we presumed that HP viruses may enhance pathogenicity by inducing a stronger host immune response.
Moreover, the pathogenicity, transmission and replication of AIVs are also mediated by internal genes (Tscherne & Garcia-Sastre, 2011) . A mutation in PB2 (PB2-A588V) in H7N9, H10N8 and H9N2
Histopathological changes in the lung of GX110, HNXY1, LJS15 and AH395 virus-infected mice (haematoxylin and eosin stain; magnification, ×100). viruses had been proved to enhance the pathogenicity in mice (Xiao et al., 2016) . It is also a fact that when mutation with 627K and 701N emerged in PB2, single or joint appearance can significantly enhance viral pathogenicity in mice . PA-353R is associated with the increased virulence of H5N1 influenza virus in mammals . Nonstructural protein 1 (NS1) is an essential virulence factor of the HP H5N1 avian influenza virus (Bian et al., 2017) , and it can counteract the interferon (IFN) response, a central component of the host-species barrier (Chauche et al., 2018) .
In this study, the LP viruses demonstrated a higher replication than the HP viruses in mouse tissue (Figure 6 ), and HP viruses showed moderate pathogenicity in mice (Figure 4) . The coding changes present in the six HP and LP viruses were analysed; there were at least 44 amino acid mutations, which are listed in Table S1 , except for a few insignificant point mutations. Of course, the detailed information on the internal genes between LJS15 and other LP viruses is also given in Table S2 . Interestingly, we found that four sites (292, 338, 511 and 640) were all I at PB2 protein of HP viruses, while LP viruses almost were V, which was similar to the case in NP (194) protein was found at PB2 gene mutants (Table S1 ), four sites (292, 338, 511, and 640) were all I at HP viruses, and the LP viruses almost were V, which is similar to the case in NP (194) gene. To our knowledge, PB2 and NP were the important components of polymerase complex that contribute to the virulence and host tropism (Manz, Schwemmle, & Brunotte, 2013) . Therefore, whether A588V mutation at PB2 protein or other potential mutations major involved in the high replication efficiency of the LP viruses in mice? Whether the mutations changed from V to I (PB2-292I, V338I, 511I, 640I and NP-194I) in HP viruses enhanced the virulence in mice? Collectively, the findings suggest that we should be on the alert for the future effects of such H7N9 mutants on human and poultry outbreaks.
In summary, our results clearly indicated that the HP viruses of the fifth wave can cause death in mice, and the LP viruses also well adapted to mice. We also pointed out that there are other sites that have not been found to affect the receptor binding affinity of H7N9
viruses. It is also a concern that continuous circulation of HP H7N9
viruses may obtain a series of genetic features contributing to the ability to infect humans. Therefore, we should closely monitor both the HP and LP H7N9 viruses, and in particular, AIVs are prone to genetic recombination in the field of live poultry market (PantinJackwood et al., 2014) .
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